Abstract: In addition to its known classical roles, the renin angiotensin system (RAS) has more subtle functions which include the regulation of emotional responses. Previous studies regarding the anxiety related behavior of RAS have showed controversial results. There is also evidence that oxidative stress accompanies angiotensin II infusion, but the role of AT1/AT2 specific receptors is not clear. The aim of this study was to evaluate the effects of central angiotensin II receptor blockers on anxiety state and oxidative stress. Behavioral testing included elevated plus maze, while oxidative stress status was measured though the extent of a lipid peroxidation product (malondialdehyde-MDA) and the specific activity of some defense antioxidant enzymes (superoxide dismutase-SOD and glutathione peroxidase-GPx). The rats treated with angiotensin II spent significantly less time in the open-arms of elevated-plus-maze, while the administration of losartan resulted in a significant increase of this time. We observed a significant increase of MDA concentration in the angiotensin II group and a decrease of MDA levels in both losartan and PD-123177 groups. In addition, a significant correlation was seen between the time spent in the open arms and oxidative stress markers. These findings could lead to important therapeutic aspects regarding the use of angiotensin II receptor blockers in anxiety-related disorders.
Introduction
The discovery that all components of the renin angiotensin system (RAS) are present in the brain led investigators to postulate the existence of a local brain RAS [1] . The brain RAS mediates several classic physiological effects including body water balance and maintenance of blood pressure [2] . However, besides the classical functions, this system has more subtle functions involving complex mechanisms such as learning, memory and regulation of emotional functions [3] [4] [5] .
RAS generates a family of bioactive peptides which mainly include angiotensin II (Ang II), angiotensin IV and angiotensin 1-7 [1, 2] . The biological actions of Ang II are mediated by specific angiotensin receptors.
Numerous studies have led to the identification of two pharmacologically specific angiotensin receptors type 1 (AT 1) and type 2 (AT 2), which are well represented in various brain areas [6, 7] .
The Ang II receptor antagonists, losartan and PD-123177, which are selective for the AT 1 and AT 2 receptor subtypes respectively, constitute important pharmacological tools for the assessment of behavioral consequences through the modulation of Ang II function [1, 8] .
Previous studies regarding the anxiety related behavior of RAS have showed controversial results. Some of the performed studies have suggested that blocking AT 1 receptors with losartan results in anxiolyticlike effects, as shown by specific tests, such as light-dark aversion test and elevated plus maze, in both mice and rats [5, [9] [10] [11] [12] . This was supported by other studies showing reversal of Ang II-anxiogenic action by the intracerebroventricular (icv) administration of losartan [13] . Still, other authors failed to find similar data [14] or even demonstrated opposed results [15] .
There is also evidences that oxidative stress accompanies Ang II infusion, but the role of AT 1 vs. AT 2 receptors is not very clear [16, 17] . It was previously reported that administration of Ang II increases the formation of free radicals like superoxide (O 2-) [18] , while losartan inhibits oxidative stress and exerts antioxidant effects [19] , most likely through the inhibition of Ang II [20, 21] . There are also controversies regarding the effects of angiotensin II on oxidative stress, considering that in some experiments losartan significantly decreased angiotensin II-induced oxidative stress, while PD-123319 did not [21] .
Recent reports demonstrated a linear relationship between peripheral blood oxidative stress markers and anxiety behaviour [22] . In this context, the aim of the present work was to evaluate the effects of Ang II receptor blockers icv administration on anxiety state and oxidative stress status in the temporal cortical area of rat brain, the most vulnerable cortical area to oxidative stress effects [23] . Also, we were interested in determining a possible correlation between the anxiety state response in elevated plus maze and central oxidative stress markers.
Material and Methods

Subjects
The subjects (n=48) were experimentally naive, male Wistar rats, weighing approximately 200-250 g at the beginning of the experiment. The animals were housed in a temperature and light-controlled room (22°C, a 12-h cycle starting at 08:00 h) and were fed and allowed to drink water ad libitum. Rats were treated in accordance with the guidelines of animal bioethics from the Act on Animal Experimentation and Animal Health and Welfare Act from Romania and all procedures were in compliance with the European Communities Council Directive of 24 November 1986 (86/609/EEC). This study was approved by the local Ethic Committee and also, efforts were made to minimize animal suffering and to reduce the number of animals used.
Neurosurgery
All surgical procedures were conducted under aseptic conditions, under sodium pentobarbital (45 mg/kg b.w., i.p., SIGMA) anesthesia. Rats were mounted in the stereotaxic apparatus with the nose oriented 11° below horizontal zero plane. Each experimental group received individually losartan, PD-123177 or angiotensin II (SIGMA), icv administered (7 consecutive days, 0.1μg/ kg b.w.) by freehand through a plastic (silastic) cannula (Portex, 0.44 inside diameter, 0.9 mm outer diameter), stereotaxically implanted in the left cerebral ventricle at the following coordinates: 0.5 mm posterior to bregma; 1.3 mm lateral to the midline; 4.3 mm ventral to the surface of the cortex [24] . The cannula was positioned with acrylic dental cement and secured by one stainless steel screw.
After surgery the rats were isolated in separate cages and protected with large spectrum antibiotic. The shamoperated rats were injected with saline. The location of the icv cannulas in lesioned rats was verified by injecting a dye (Trypan Blue, SIGMA) through each cannula at the end of the experiment. Brains were removed and cut with a scalpel, and after the temporal lobes were removed for oxidative stress assays, the spread of the dye within the ventricles was examined. All cannulas were found to be in the right position.
Behavioral testing was performed after 7 consecutive days of treatment.
Elevated plus maze
The elevated plus maze (Coulbourn Instruments) consists of four arms, 49 cm long, 10 cm wide, and elevated 50 cm off the ground. Two arms were enclosed by walls 30 cm high and the other two arms were exposed. Rats were placed at the juncture of the open and closed arms and the amount of time spent on the open arms was recorded during a 5-min test. Time spent on the open arms is considered to be an index of anxiety [25] .
Tissue collection
After the behavioral tests, all rats were anesthetized, rapidly decapitated, and the whole brain was removed. The temporal lobes were collected. Each of temporal tissue samples was weighed and homogenized with a Potter Homogenizer coupled with Cole-Parmer Servodyne Mixer in bidistilled water (1g tissue/10ml bidistilled water). Samples were centrifuged 15 min at 3000 rpm. Following centrifugation, the supernatant was separated and pipetted into tubes.
Biochemical estimations
Regarding the biochemical assessments, we decided to classically determine the main antioxidant enzymes (first line of defense in the way of free radicals) and a lipid peroxidation marker.
Determination of superoxide dismutase
Superoxide dismutase (SOD) activity was measured by the percentage reaction inhibition rate of enzyme with WST-1 substrate (a water soluble tetrazolium dye) and xanthine oxidase using a SOD Assay Kit (Fluka, product number: 19160) according to the manufacturer's instructions. Each endpoint assay was monitored by absorbance at 450 nm (the absorbance wavelength for the colored product of WST-1 reaction with superoxide) after 20 min of reaction time at 37°C. The percent inhibition was normalized by mg protein and presented as SOD activity units.
Determination of glutathione peroxidase
Glutathione peroxidase (GPx) activity was measured using the GPx cellular activity assay kit CGP-1 (Sigma Chemicals). This kit uses an indirect method, based on the oxidation of glutathione (GSH) to oxidized glutathione (GSSG) catalyzed by GPx, which is then coupled with recycling GSSG back to GSH utilizing glutathione reductase (GR) and NADPH. The decrease in NADPH at 340 nm during oxidation of NADPH to NADP is indicative of GPx activity.
Determination of malondialdehyde
Malondialdehyde (MDA) levels were determined by thiobarbituric acid reactive substances (TBARs) assay. 200 µL of temporal lobe homogenate (supernatant) was added and briefly mixed with 1 ml of trichloroacetic acid at 50%, 0.9 ml of TRIS-HCl (pH 7.4) and 1 ml of thiobarbituric acid 0.73%. After vortex mixing, samples were maintained at 100 ºC for 20 minutes. Afterwards, samples were centrifuged at 3000 rpm for 10 min and supernatant read at 532 nm. The signal was read against an MDA standard curve, and the results were expressed as nmol/mg protein [26, 27] .
Total protein was measured using Bradford dyebinding method, with bovine serum albumin as standard [28] .
Data Analysis
The animal's behavior in elevated plus maze was tracked and recorded using ANY-maze behavioral software (Stoelting Co., USA, version 4.5) and then statistically analyzed using one-way analysis of variance (one-way ANOVA). The results for antioxidant enzymes activity and MDA level were analyzed also using one-way ANOVA. All results are expressed as mean ± SEM. Post hoc analysis were performed using Tukey's honestly significant difference test in order to compare losartan, PD-123177 and angiotensin II groups. F values for which P<0.05 were regarded as statistically significant. Pearson's correlation coefficient and regression analysis were used to evaluate the connection between time spent in the open arms of elevated plus maze and central oxidative stress markers.
Results
The effects of angiotensin II and its receptor antagonists administration on anxiety state in elevated plus maze
Behaviour in the elevated plus maze is mainly used to assess exploration and anxiety status. In our experiment, the rats treated with angiotensin II spent significantly 
Effects of angiotensin II and its receptor antagonists administration on oxidative stress status
Regarding the oxidative stress status, we observed a significant decrease (F(1,22)=14, p=0.001) of SOD specific activity in angiotensin II group, compared to control rats. Regarding the effects of losartan and PD-123177 administration, we did not found any significant modifications of SOD activity, in comparison with the control rats ( Figure 2 ). Furthermore, post hoc analysis revealed significant differences between angiotensin II and losartan groups (p< 0.0001) and between angiotensin II and PD-123177 groups (p< 0.0001), as seen in Figure 2 . Additionally, post-hoc analysis showed no significant differences between losartan and PD-123177 groups (p = 0.215).
In addition, a significant decrease (F(1,22)=5, p=0.04) of the other important antioxidant enzyme, GPx, was observed in the case of angiotensin II group, compared to control rats. Similarly to SOD, we did not found any significant modifications of GPx activity in both losartan and PD-123177 groups, compared to control rats ( Figure 3) . However, post hoc analysis revealed significant differences between angiotensin II and losartan groups (p< 0.0001) and between angiotensin II and PD-123177 groups (p< 0.0001) (Figure 3 ) and no significant differences between losartan and PD-123177 groups (p = 0.311).
Concerning the levels of the lipid peroxidation product MDA, we observed a significant increase (F(1,22)= 77, p=1.18 -8 ) of MDA concentration from the temporal lobe in angiotensin II group, compared to control rats. Also, a significant decrease of MDA levels in both losartan (F (1,22) = 66, p=4.79 -8 ) and PD-123177 (F(1,22)=11, p= 0.002) groups was observed, in comparison with the controls, suggesting some antioxidant effects (Figure 4) . Post hoc analysis revealed also significant differences between angiotensin II and losartan groups (p< 0.0001) and between angiotensin II and PD-123177 groups (p< 0.0001) (Figure 4) , while no significant differences between losartan and PD-123177 groups (p= 0.241) were found.
Interestingly, when we determined the linear regression between the time spent in the open arms of elevated plus maze vs. oxidative stress markers (for all groups), we found a significant negative correlation between time spent in the open arms vs. MDA levels (n=48, r = -0.577, p< 0.0001) ( Figure 5A ) and also a significant positive correlation between time spent in the open arms vs. SOD specific activity (n=48, r = 0.303, p=0.036) ( Figure 5B ).
When we determined this correlation individually for each group (losartan, PD-123177 and angiotensin II), together (n=24) or not (n=12) with the controls, we found a significant correlation between time spent in the open arms vs. SOD specific activity, only in the case of angiotensin II (n=24, r = 0.555, p=0.005) ( Figure 5C ) (n=12, r = 0.6, p=0.039) ( Figure 5D ), but not for losartan and only a slightly connection in the case of PD-123177 (n=12, r = -0.511, p=0.05).
For the correlation between the time spent in the open arms vs. GPx specific activity, we surprisingly found some correlations for all the 3 groups analyzed separately (losartan -n=12, r = 0.5, p=0.06; PD-123177 -n=24, r = -0.634, p=0.001 ( Figure 5E ); and Ang II -n=12, r = -0.502, p=0.06), even though when we analyzed them altogether we failed to find any significant correlations (n=48, r = 0.184, p=0.212).
Regarding the correlations between time spent in the open arms vs. MDA levels, we manage to find strong significant correlations, especially in the case of angiotensin II (n=24, r = -0.511, p=0.011) ( Figure 5F ) (n=12, r = 0.6, p=0.039) ( Figure 5G ) and losartan (n=24, r = -0.689, p< 0.0001) ( Figure 5H ) (n=12, r = 0.565, p=0.05) and a slight connection in the case of PD-123177 (n=12, r = -0.721, p=0.07) ( Figure 5I ). 
Discussion
The present study investigated the effects of angiotensin II and its receptor blockers icv administration on anxiety status and some oxidative stress biomarkers. Our results provide additional evidence of angiotensin II induced anxiety-like effects and increased prooxidant status. Moreover, the blockade of angiotensin II receptors by the administration of its specific antagonists, resulted in anxiolytic effects, in the case of losartan, and decreased lipid peroxidation levels, in the case of both losartan and PD-123177. In addition, we found a significant correlation between the time spent by rats in the open arms of the elevated plus maze and oxidative stress markers from the temporal lobe, which is known to be the most susceptible cortical area to reactive oxygen species [23] .
Regarding the implication of RAS in anxiety-related behavior, anxiolytic properties of the AT1 receptor antagonist losartan were previously described, suggesting the anxiogenic potency of AT 1 blockade [5, 10] . This was demonstrated by an increase of the time spent by experimental animals in the bright area of the light-dark aversion test or increased time spent in the open arms of elevated plus maze task [11, 12] . Moreover, these effects were also observed in experimental situations which involved the administration of losartan in both Ang II-treated, as in control rats [13] or when losartan effects were compared to a positive control represented by diazepam [9, 10] .
However, recent knockout studies showed a reduction of exploratory activities and anxiety-like state in the case of AT 2 deficient mice, which was combined [5] or not [29, 30] with locomotor deficiencies. Also, the increased anxiogenic behavioral state observed in AT 2 deficient mice was reversed by diazepam [15] .
In contrast to the aforementioned results, some other studies failed to replicate these anxiolytic effects of losartan [14] . In this way, both losartan and PD-123177 were described in some reports as showing no effects in animal models of anxiety and memory [14] .
These differences could be explained by different ways of administration, the strain of animal used, or the time of testing after drug administration [4, 31] . In this way, if we analyze the time-dependent response, it was previously demonstrated using open-field behavior, that angiotensin II initially increases anxiety-like behavior (e.g. after 5 minutes), and then a rebound anxiolytic effect appears 15 minutes after administration [32] . This was also observed in the case of losartan, in a study combining elevated plus maze and defensive burying in mice, which revealed that losartan produced anxiolyticlike effects and Ang II anxiogenic-like responses 15 and 30 min after administration, but opposite responses during the first 15 min (e.g. losartan caused anxiogeniclike burying and Ang II suppressing burying) [33] . Moreover, the early anxiogenic-like effect of losartan was blocked by prior administration of the selective AT 2 receptor antagonist PD-123319 [4] .
It seems that the peripheral administration of drugs that decrease Ang II function causes early anxiety-like behaviour, possibly AT 2 receptor mediated, and later anxiolytic-like effects.
In this way, a so called reciprocal inhibitory regulation between AT 1 and AT 2 receptors was described [34, 35] . This assures modification of effects mediated from both receptor subtypes. For example, increased anxiety found in the AT 2 receptor deficient mice [15] might have been caused by unopposed AT 1 receptor rather than by lack of the AT 2 receptors [5] . In other words, considering that the anxiolytic effects of losartan are connected to the inhibition of AT 1 receptor, it seems that one possible explanation for the anxiety-like behavior in AT 2-deficient mice may be the activation of AT 1 receptors, as AT 2 receptors are absent in the brain [15] .
These aspects collectively suggest that functional interactions between the two receptor types (AT 1 and AT 2) could have a key role in Ang II involvement in emotional responses.
Some authors also speculated that these aspects regarding Ang II-mediated emotional functions could be considered a possible cause of the discrepancies regarding the cognitive effects of Ang II [5] , since both positive [36, 37] and negative effects [38] [39] [40] of Ang II on learning and memory were reported.
In this way, the mechanisms of action for Ang II mediated effects on anxiety-like behavior are still unknown.
There is also increasing evidence that oxidative stress and consecutively the production of free radicals may play an important role in Ang II mediated effects [41] . In this way, experimental data demonstrated that increased reactive oxygen species generation through the activation of NAD(P)H oxidase is an obligatory step in Ang II effects [16, 42] . It has also been reported that the inhibition of Ang II with specific receptor blockers like losartan or PD-123319, resulted in decreased oxidative stress status in the blood or glial cells [20, 43] . This is generally expressed by an increase in activity of antioxidant enzymes like SOD or catalase and a decrease of some peroxidation products like malondialdehyde [20] . However, in our study we only reported a decrease of MDA levels, as a result of losartan and PD-123177 administration, while SOD and GPx specific activities did not changed significantly in comparison with the control group. This could mainly be explained by the fact that a low oxidative stress status, as showed by decreased levels of lipid peroxidation, did not trigger any response change in the specific activity of the main antioxidant enzymes.
This could be an important aspect considering the implications of oxidative stress in different neuropsychiatric disorders and/or aging [44] [45] [46] . In this way, it was demonstrated that mice develop anxious behavior during aging [47] , likely due to the accumulation of reactive oxygen species, which is a characteristic of the aging process in animals. It was also reported that the blockade of Ang II reduced anxiety and improved behavioral and motor performance in the aged rat [48] and that the administration of losartan results in a significant prolongation of life span in rats [42] . This protective effect could be related to the antioxidant action of Ang II receptor blockers and a reduced formation of reactive oxygen species.
However, there are still inconsistencies regarding the implications of Ang II specific receptors in oxidative stress, since there are reports describing no effects of PD-123319 in Ang II-induced oxidative stress [21] or consecutively DNA damage [49] . Moreover, the aforementioned effects were prevented by using AT 1 antagonists.
Also, in the present study we demonstrated a significant correlation between anxiety-related behavior and oxidative stress markers. A causal link between these two was also very recently demonstrated by several authors [50] [51] [52] [53] [54] . Moreover, different cell types studied in anxious mice showed a strong accumulation of intracellular ROS, in comparison to non-anxious mice, suggesting that oxidative stress is present in various cortex areas, as well as in hippocampus and cerebellum [55, 56] . Thus, the existence of oxidative stress in the brain of anxious individuals could have deleterious effects and could lead to pathological anxiety, although a complete cause-effect relationship has not been established yet.
However, an important limitation of our study could be represented by the lack of some additional oxidative stress markers determinations like the glutathione reductase, reduced glutathione, xantine oxidase or carbonyl groups.
Conclusions
Our results showed that the inhibition of central Ang II by the icv administration of its specific antagonist receptors resulted in an alteration of anxiety state and a decreased level of lipid peroxidation in rats. Moreover, we demonstrated a significant correlation between the anxiety-related behavior and some central oxidative stress markers. These findings could raise important therapeutic aspects regarding the use of some Ang II receptor blockers in anxiety-related disorders. Additionally, oxidative stress could exert an important role in these effects.
